Steady state mapping is fundamental to optimizing IC engine operation. Engine variables are set, a predefined settling time elapses, and then engine data are logged. This is an accurate but time consuming approach to engine testing. In contrast the sweep method seeks to speed up data capture by continuously moving the engine through its operating envelope without dwelling. This is facilitated by the enhanced capability of modern test rig control systems. The purpose of this work is to compare the accuracy and repeatability of the sweep approach under experimental conditions, with that of steady state testing.
INTRODUCTION
In order to comply with increasingly stringent emissions standards and meet drivability requirements, modern engines are equipped with an increasing number of subsystems and controlling elements. The result has been to greatly increase the calibration effort required to find the parameter settings that offer the best global compromise across the entire engine map. This process is traditionally centered on steady state testing. During steady state engine mapping a dwell period is required at each test point to allow instrumentation, and engine parameters to settle to a steady state value. This is an accurate but a very time intensive procedure. Steady state mapping is assumed as the gold standard by which the acceptability of the engine's calibration. In practice, however most engine operation is transient in nature and so steady state mapping is being re-evaluated, as transient calibration is being more widely understood.
Aimed at reducing the time required for the calibration procedure, a current trend within engine testing is the application of statistical tools, these include design of experiments (DoE), Bayesian and stochastic methods. These seek to minimize the data captured to that required for a model fit, and originally stem from arenas of work where data is scarce e.g. pharmaceutical and biological industries. It could be argued however, that an engine test cell is a data rich environment and hence the idea behind the sweep approach is to maximize the data captured, allowing more detailed models to be developed within an acceptable period of time.
The sweep approach as first described in [1] ramps the engine between two operating points, while data is logged continuously. Of course not dwelling at individual operating points will give rise to measurement errors, which would not occur during a normal steady state test. As a starting point this paper concentrates on the application of engine torque as the variable, with the engine speed held constant. The benefit of testing at a constant engine speed is to remove the effects of mechanical inertias, which would occur if the engine were accelerating or decelerating see [1] , [8] .
The experimentation outlined in this paper considers two phases of engine testing: Phase 1: Application of step changes in engine torque to model the response of the instrumentation and engine, in order to access the accuracy of the technique.
Phase 2: Application of ramps in engine torque. The results from the ramps were post processed using the analysis from phase 1 compared to the corresponding steady state results.
Although the experimentation was carried out on a diesel engine it is just as applicable to a gasoline.
TEST RIG AND EXPERIMENTAL PROCEDURE
The experimentation carried out in this paper is intended as an alternative to steady state testing. The aim therefore, was to achieve satisfactory results from a standard steady state cell, and its instrumentation, without moving the testing onto a transient test cell setup, for which the capital and running costs would be considerably higher.
The mechanical setup is shown schematically in Figure  1 . The test cell is based upon a Ford 1.8 Lynxcommon rail Diesel engine equipped with a VGT. For the purpose of the testing the EGR system was disabled, as it's transient behavior would add variables, which were not to be considered here. The engine is loaded by a Froude eddy current dynamometer, capable of absorbing up to 110 kW.
Control of the test cell, dynamometer and data acquisition is carried out by a CP Cadet V12 [2, 3] host system shown in Figure 2 . The system features an open code format affording the user control over the functionality of the system. The ECU parameters can be altered via a ASAP 3 link from a laptop running the Kleinknecht Gredi program, this also allows monitoring of the ECU variables. The exhaust emissions are analyzed using an AVL CEB emissions tower. This tower allows monitoring of pre-catalyst exhaust CO, CO2, NOx, uHC, O 2 and EGR rate via inlet manifold CO 2 measurement. Fuelling to the engine is measured using a gravimetric fuel balance, which gives an averaged value from multiple readings (10 in this case) during a steady state test, it can also give an instantaneous reading.
Although the dynamometer is designed for steady state work, it was found that its response was more than satisfactory for the maneuvers carried out in the procedures discussed here. Looking at the torque trace in Figure 3 there is a drop off in torque immediately after the negative step, which does not occur after the positive step. This is due to inertial effects caused by the sudden unloading of the dynamometer to a low torque level. This is not an issue on the ramp maneuvers as the rate of change in torque is more gradual.
The approach of sampling data over the whole of a ramp, as opposed to only at discrete sampling points leads to a data volume with a higher order of magnitude. It is essential therefore that the testbed data storage structure is well defined and efficient. Data is streamed directly from the rig into a Microsoft ACCESS database based on the ASAM [4] structure. From there it is accessible to MATLAB [5] using the Mathworks database toolbox. The advantage of using MATLAB as the data processing tool is the ease of implementation of mathematical methods.
For the sake of brevity this paper presents results and analysis from one of each typical transducer type: 
EFFECT ON HARDWARE CHANGES
Analysis of the engine and transducer responses will obviously specific to the type of engine and instrumentation employed. Therefore it is acknowledged that re-characterization of the responses will be necessary is the hardware setup is changed. This is achieved via application of the described ramp and step inputs. Once the responses of the tranducers are known suitable ramp rates can be chosen, by comparing data from a ramp with steady state data.
With the help of modern host systems this process can be automated to be carried out quickly at the beginning of a new hardware test.
SOURCES OF ERROR

ENGINE SIDE ERRORS
Estimation of port air mass flow is vital for the characterization of engine behavior. Its value at a point during a ramp will differ from the steady state value for the following reasons:
When the engine is operated under steady state conditions, interaction of pressure waves in the intake and exhaust manifolds will lead to the setup of a standing wave after a number of engine cycles as described in [6] . When moving between operating conditions however, there is insufficient time available for the standing wave to develop. This leads to a deviation between the instantaneous air mass flow reading, and the value, which would be achieved from steady state mapping.
Similarly during a ramp, manifold temperature readings will not give the same value as a steady state test. Previous estimates of inlet manifold temperature error during a ramp compared with steady state have been up to 20% [6] . Another source of temperature variations is backflow of high temperature exhaust gas into the intake manifold, thus causing temperature fluctuations. This backflow however, is likely only to occur during maneuvers much more severe than those carried out here.
Non steady state mapping will provoke ECU strategy reactions designed to optimize engine response to transient maneuvers. For example, control of the boost pressure using the VGT vane position. This is a problem if the strategy is controlling a parameter, which is not a variable in the experiment being undertaken. Care must be taken to ensure this variable remains constant throughout its calibrated map. Alternatively a low ramp rate could be used that the ECU strategy does not consider a transient maneuver.
INSTRUMENTATION SIDE ERRORS
Instrumentation type can be grouped according to differing speed of response.
Pressure transducers and small thermocouples have short time constants and so will respond quickly, without significant delay between an engine event and the time that the transducer sees a change. A description of the dynamics of pressure transducers and thermocouples can be found in [9] .
The readings from the emissions analyzer have a slower and composite type response. The heated line connecting the engine and the emissions analyzer introduces a transport delay into the emissions response. Secondly there will be a series of lags caused by the analyzer element behavior and also the thermal settling time of the exhaust temperature.
Fuel flow measurement is problematic. The test cell is instrumented with a gravimetric fuel balance, designed to give an average mass flow over a time span, for good steady state accuracy. It however is not ideal for giving instantaneous readings due to its principle of operation.
Airflow is measured using a Yokogawa vortex shedding flow meter, which is a steady state device. Eddy currents in the flow induce vibration of a wafer, proportional to the flow rate. The correlation between the ramp and steady state results was better than expected.
Strictly speaking the A/D conversion of the signals by the host system will occur over a finite timescale but this can be considered as negliable.
DISSCUSSION OF RESULTS
In order to determine the response of the transducers, step changes in engine torque from 20 up to 60 Nm and 20 up to 100 Nm were applied at a constant engine speed of 2000 rpm. For the ramp testing positive and negative ramps of between 20 and 100 Nm at rates of 80 Nm/min and 53 Nm/min were used. The settling times for the instrumentation components, derived from the experimentation can be found in Table 1 .
NO X ANALYSER RESPONSES
As the emissions analyzer samples at a constant flow rate, the assumption can be made that the transport delay of the exhaust gas between the engine and the analyzer will remain constant for all engine operating conditions. In contrast, the settling time of the emissions readings is significantly influenced by the operating point. This is a function of all engine parameters e.g. speed, injection timing etc. Phase 1: A pure delay of 3 seconds while the exhaust gas 'plug' travels down the heated line to the emissions tower.
Phase 2: An initial analyzer defined settling period, characterized by an under damped second order transfer function.
Phase 3: Finally there is a secondary slower settling period while the engine temperature stabilizes, taking the form of a first order lag.
The emissions response to the positive and the negative step appears symmetrical. The modeling of the emissions response during phase 2 can be achieved by applying a second order term. The modeling of the phase 3 response requires a first order lag. The forms of these terms can be found in Appendix 1 and described further in [7] . The corrected values of NOx compared with the steady state results are plotted on the hysteresis plot in Figure 5 . Figure 6 shows the NOx in comparison with the demanded torque ramp. The NOx profile tracks the torque satisfactory and the delay time can clearly be seen. During the steady state periods between the ramps the slower dynamic is due to the thermal settling of the engine at the new operating point. Method1: The emissions values obtained from the ramp are corrected by assigning each value a time in advance of that which it was logged at. This time advance is the composite of the transport delay and the predicted settling time as described above. The settling times are derived through the analysis given in appendix 1. Table 2 lists the corrected NOx results against the steady state results; these are plotted on Figure 5 . It can be seen that the corrected results are a good approximation to the steady state values.
Method 2: An alternative approach is simply to average the values measured on the positive and negative ramps. The results can be seen in Table 3 . As before it can be seen that the corrected results are a good approximation to the steady state results, although slightly worse than method 1.
It can be seen for both these methods that at the start of the ramp the errors between the corrected values and the steady state results are greater than midway along it. This occurred for all the engine parameters examined here, and is because at the beginning of the ramp, mechanical and thermal inertias in the engine give rise to initial lags in it's operating parameters. These parameters then settle as a pseudo steady state condition is reached on the ramp itself. Additionally the slower ramp provides a set of corrected values closer to the steady state results than the faster ramp; which is to be expected. Figure 8 shows the instantaneous fuel flow readings resulting from the step in engine torque. The reading seems to follow the torque steps without a lag or delay time. It can be seen that the instantaneous reading continually fluctuates, even on the steady state parts of the trace. Figure 9 shows plot of fuel hysteresis for the 80 and 53 Nm/min ramps. Both fuelling loops return to a common starting point after the positive and negative ramps. They do not fall on a centerline with the faster ramp producing higher fuelling reading than the slower one. This implies that an average of the values from the positive and negative results cannot produce an accurate correction to steady state. Figure 11 shows the airflow response to a 20 to 60 Nm torque step. It can be seen that there are fluctuations in the airflow reading directly after the positive and negative steps, which is caused by the vibrations in the transducer wafer as it adjusted to the increased flow rate. It was first thought that these fluctuations in airflow were a result of the VGT strategy, but the VGT position and speed track the torque step accurately see Figure  7 . The airflow compared with the demanded torque ramp profile is plotted in Figure 12 . It can be seen that the instantaneous airflow reading shows large fluctuations, symmetrical on both the positive and negative ramps. This suggests that an averaged correction could yield a good approximation to the corresponding steady state values. Which is backed up by the hysteresis plot Figure 13 .
FUEL AND AIRFLOW RESPONSE
FUEL AND AIRFLOW DATA RECONSTRUCTION
The value of instantaneous fuel flow presents the most problematic reading. It was hoped prior to the experimentation that it would be possible to deduce decay rates, and overshoot in the response to a step input. Unfortunately this was not possible. For further work with the sweep approach a faster fuel meter is required, this is likely to be a rate meter such as a Coriolis effect device. Table 7 shows an attempt at correcting the values of fuel flow. Figure 9 shows the corrected values plotted against the steady state results. Table 6 shows corrected results for the airflow averaged over both the positive and negative ramps. Figure 13 plots the corrected results against the steady state results. A good correlation to the corresponding steady state readings can be seen. As with the other results the corrections are better at the slower ramp rate. The correlation is not good at the beginning of the ramps, but improves thereafter as a pseudo steady state condition is achieved. These results could be improved by replacing the vortex shedding flow meter with a hot wire mass flow meter which has a faster response an generally better accuracy.
TEMPERATURE & PRESSURE RESPONSES
The inlet manifold pressure response to a torque step is shown in Figure 14 . It has the shortest settling time compared with the other measurements, Table 1 . The response appears symmetrical on both the positive and negative ramps, which is borne out by the hysteresis plot in Figure 16 . Figure 17 shows the exhaust manifold temperature. The exhaust temperature has a 2-phase response: i.e. a fast first order lag which a function of the thermocouple response followed by a second slower order lag, occurring while the engine temperatures stabilize.
TEMPERATURE/ PRESSURE RECONSTRUCTION
The errors in these values are as a result of thermal and mechanical inertias in the engine during a ramp. It was found that averaging the values on the positive and negative ramps cancels the errors and gives a good approximation the corresponding steady state values. The results are listed in Table 4 and Table 5 . Figure 16 and Figure 19 and show the corrected values plotted against the steady state values over the ramp. It can be seen that the ramp to steady state error is lower at the lower ramp rate. This is expected, as the engine side thermal and inertial lags will be lower at lower rates of change. Table 8 shows the results of 5 repeats of the same ramp. For the modeling and subsequent correction stages investigated here to be considered satisfactory the results must be repeatable. It can be seen from the standard deviation that the results scatter is low. The standard deviation is higher for the emissions and fuel flow readings than it is for the temperature and pressure transducer readings.
REPEATABILITY AND ROBUSTNESS
The experimentation described in this paper is within the boundaries of normal engine operation, with the only variable being that of engine torque demand. For ramps in critical ECU controlled parameters such as injection timing, VGT position etc. there is a potential for engine damage. With traditional steady state testing a test bed operator has time to identify and resolve problems. Non steady state testing partly removes the human operator, and requires additional safety measures. These safety measures can potentially be coded into the system in the form of expert knowledge, thus taking the place of the human operator.
CONCLUSIONS AND OUTLOOK
The sweep approach moves the focus away from the engine and onto the mapping of the surrounding instrumentation. The experimentation detailed in this paper shows the potential of non-steady state testing to produce results comparable in accuracy to those from steady state testing.
At the start of the ramp the errors between the corrected values and the steady state results are greater than midway along it. This is because initially as the demanded torque is applied, mechanical and thermal inertias in the engine exhibit an initial lag, which then settles when a pseudo steady state condition is reached on the ramp itself. This means that data from the beginning of the ramp could be discarded. The time taken for this pseudo steady state condition is an important quantity, which could be assessed online for ramps in different engine parameters.
The next stage of work is to extend the approach to ramps in ECU engine parameters. This will require coding of additional safety measures in to the host system to reduce the potential for engine damage.
The results could be improved through the use of different transducers, in particular for the measurement of mass flows. An accurate or corrected reading for fuel flow was not possible as the fuel balance is only intended for steady state use. It is proposed that for further work a mass flow rate type device be used, giving better dynamic response. In the case of the air flow measurement better results could be achieved through the use of a hot wire mass flow meter, which has a faster response and a better accuracy than the vortex shedding flow meter used here. In the case of the emissions faster analyzers could easily be used to improve the accuracy of the results, albeit with a cost penalty.
If new hardware is added to the test bed, whether (engine or instrumentation), a re-characterization of the responses would be required. Then data from a number of predetermined ramps would be compared to steady state points to generate a suitable ramp rate. This process can be coded into the test bed system and executed online. This would enable the automatic recharacterization of the system if new engine or instrumentation were introduced.
Another approach to non steady state testing would be to isolate the piece of instrumentation with the slowest response (emissions/ or fuel flow) and then to set up a control loop to keep this parameter constant. This method is difficult to implement in practice due to the feedback delay of the controlled variable. The control could be improved using feed forward of prior knowledge into the loop to compensate for the measurement delay. The time (Tp) until the peak response can be derived by setting the differential of the above to zero. The maximum value occurs at the first peak, hence n=1: 
